This paper describes the design, development and calibration of a three-point auto hitch dynamometer for measuring the horizontal and vertical forces that existed at the three-point hitch of an agricultural tractor. The design concept of the dynamometer was based on an instrumented inverted U frame assembly that was mounted between tractor links and implement. The design incorporates for both lower point hitch spread and mast height adjustments, and quick hitch capability in accordance with category 1 and II three-point hitch system. The force sensing elements were comprised of three steel extended octagonal ring transducers that were located between the inverted U frame and hook brackets. Electrical resistance strain gauges were mounted on the extended octagonal ring transducer at strain angle nodes to independently monitor strains that were proportional to the horizontal and vertical forces at the ring center. Each transducer was designed for maximum horizontal and vertical forces of 25 kN and 10 kN at measurement mean sensitivities of 25.19 µStrain/kN and 25.60 µStrain/kN, respectively. However, the complete dynamometer has been designed to measure the maximum resultant horizontal and vertical forces of 50 kN and 20 kN, respectively. Field demonstration tests on the dynamometer and data acquisition system showed that they were able to function effectively as intended. The data acquisition system was able to successfully scan and record the dynamometer signals as programmed. This dynamometer was part of the complete instrumentation system to be developed onboard a Massey Ferguson 3060 tractor for the generation of a comprehensive database on the power and energy requirements of the tractor and its working implement in the field.
However, the complete dynamometer has been designed to measure the maximum resultant horizontal and vertical forces of 50 kN and 20 kN, respectively. Field demonstration tests on the dynamometer and data acquisition system showed that they were able to function effectively as intended. The data acquisition system was able to successfully scan and record the dynamometer signals as programmed. This dynamometer was part of the complete instrumentation system to be developed onboard a Massey Ferguson 3060 tractor for the generation of a comprehensive database on the power and energy requirements of the tractor and its working implement in the field. INTRODUCTION Draught and drawbar power are two pertinent performance characteristics of any agricultural implement. The availability of draught and power requirement data of tillage implements are important in selecting a suitable tillage implements for a specific farm size. Plantation managers, consultants and engineers use draught and power requirement data of a known soil type to determine the proper size of tractor for their specific applications. Agricultural machinery contributes a major portion of the total cost of agricultural production, thus proper selection and matching of agricultural field machinery is essential in order to significantly reduce their operating costs.
Measurements of implement draughts have received prime attention in research and development of tractor instrumentation. A large number of three-point hitch dynamometers have been developed and reported by many researchers. The three-point hitch dynamometers can be generally classified into two main design configurations, namely, built-in sensor and detachable force built-in sensor. Table 1 summarised the various types of design configurations available in literature.
The tractor built-in sensor configuration has no additional frame between the tractor and the implement but has force-sensing transducers incorporated into the tractor linkage system [1] [2] [3] [4] [5] . These dynamometers do not interface with the tractor's PTO shaft and present no problems to the tractor and implement geometry. The detachable frame built-in sensor configuration can either be of single or double frame assembly types [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The former consists of a single frame mounted with force sensing transducers, with the frame end brackets being attached to tractor links and the transducer ends to the implements. The latter type uses two frame assemblies that are interconnected together by the force sensing transducers, with one frame being attached to the tractor links and the other frame to the implement in the manner of a quick attachment coupler. There are various types of frame and force sensing transducers that are being adopted in the design. Besides having flexibility in application, the detachable frame built-in sensor group permits easy resolution of forces into horizontal draft, vertical force, side force and their moments. In spite of that, it has the disadvantages of changing tractor and implement geometry and adding additional mass. None of the reported three-point hitches dynamometers discussed on the natural frequencies and dynamic response of their systems.
Many researchers developed their own force sensing transducers for the three-point hitch dynamometer. The extended octagonal ring has been claimed to be the most suitable and robust transducer due to its capability of independently measuring forces in two dimensions and resultant moment in one dimension. Cook et al. 16 , Loewen and Cook 17 , and Cook and Rabinowicz 18 presented generalized strain and displacement formulas and made strain nodes verifications by photoelastic determinations for octagonal extended ring. However, the detail and complete design analysis of the plain extended ring to represent that of the octagonal extended ring was not included. O'Dogherty 19 , Godwin 20 , Thakur and Godwin 21 , Godwin et al. 22 , and O'Dogherty 23 used the design formulas by [17] [18] for the development of their octagonal extended ring transducers. Hoag and Roerger 24 did a complete design analysis for the plain extended ring using strain energy techniques. They formulated formulas for determination of vertical displacements, horizontal displacements, and rotations, bending moments, shears, axial forces and other design considerations. Consequently, the strains, dimensions, natural frequencies and dynamic response of the plain extended ring transducer could be obtained. McLaughlin 25 developed a double extended octagonal ring drawbar transducer for 3-D force measurement based on 24 design formulas. He concluded that analytical equations for the plain extended ring predicted horizontal draft and vertical force sensitivities of 109% and 65.5%, respectively, of those obtained from computations. However, the application of the transducer was not meant for the three-point hitch dynamometer and aspects on the system natural frequency and dynamic response were omitted.
Research has been initiated at the Department of Biological and Agricultural Engineering, Universiti Putra Malaysia to develop an instrumentation and data acquisition system on-board a Massey Ferguson 3060 tractor for comprehensive information on the performance of the tractor and its working implement in the field. The intended system would have the capacity of measuring and monitoring engine speed, PTO speed, forward speed, drive wheel slippage, areas worked, fuel consumption per hour, fuel consumption per hectare, areas per hour, cost factor, fuel consumed, fuel remaining, and distance, and also at the same time have the capacity of measuring and recording horizontal pull at the tractor drawbar, wheel torque at both tractor rear wheels, PTO torque at the tractor PTO output, and both horizontal and vertical forces at the point hitches 26 .. Extensive field-testing would be conducted with this instrumented tractor on the aspects of power demand and energy requirements of various agricultural field operations in Malaysia. Ultimately, the obtained data would be processed, analysed, and transformed into agricultural machinery management standards for Malaysia. Single inverted "U" shape frame with two "L" shaped lower sensors and a "U" shaped top sensor. Allows the passage of PTO shaft.
2
Johnson and Voorhees [7] Two inverted "T" shape frames connected by a tube-sensing element.
Equipped with quick attach coupler.
Smith and Baker [8] Two triangular shaped frames connected by six commercial load cells.
2 Chung et al. [9] Single inverted "U" shape frame with 3 units of cantilevered pin sensors.
Equipped with quick attach coupler and allows the passage for PTO shaft. 2 Reid et al [10] Single inverted "U" shape frame with 3 units of cantilevered pin sensors.
Allows the passage for PTO shaft. This paper describes the design, development, calibration and demonstration of a three-point auto-hitch dynamometer as apart of tractor's instrumentation system for agricultural database. Based on previous reviews, it was decided that a "U" shape main frame, category I and II threepoint auto-hitch dynamometer would be the best need of the department research. Such configurations would have application flexibility to most commercially available implements in Malaysia. The design of the extended octagonal ring transducer for the dynamometer was made based on 24 design formulas. The system natural frequency and dynamic response are analysed to quantity for its dynamic measurements. The design of the three-point auto-hitch dynamometer would permit the use of the PTO torque transducer at the tractor PTO output for negative draught implement.
MATERIALS AND METHODS

General description
A three-point auto hitch dynamometer was designed and developed to measure the horizontal and vertical forces of the mounted implement on the Massey Ferguson 3060 tractor ( Figure 1a) . The design concept of the dynamometer was based on an instrumented inverted U frame assembly
Figure 1 : (a) Three-point auto hitch dynamometer. (b) Full bridge wirings diagrams for Fx and Fy different gauge arrangements. (c) Dimensions of the extended octagonal ring
that was mounted between tractor links and implement. The design incorporated for both lower point hitch spread and mast height adjustments, and quick hitch capability in accordance with Category 1 and II three-point linkages system given in ASAE Standard S217.11 and S278.6 [27] [28] .
The force sensing elements were comprised of three steel extended octagonal ring transducers that were located between the inverted U frame and hook brackets. Eight KFG-5-120-C16-L1M-2R Kyowa strain gauges were mounted on the extended octagonal ring transducer or EOR transducer at strain angle nodes of 90˚ and 39˚ to independently monitor strains that were proportional to the horizontal and vertical forces at the ring centre. Each extended octagonal ring has been designed for maximum horizontal and vertical forces of 25 and 10 kN, respectively. This complete three-point auto hitch dynamometer unit was 820 mm height and 870 mm wide. When mounted to the tractor it shifted the three point hitch location rearwards by 230 mm and added 134 kg weight to the tractor. The dynamometer has been designed to allow the passage of the tractor's PTO shaft for the installation of a torque transducer. The complete dynamometer unit was designed to measure maximum draft and maximum vertical force of 50 and 20 kN, respectively.
Construction
The main frame was a U frame shape welded steel structure, which was made from horizontal 125 Ó 67 Ó 5 mm and two vertical 67 Ó 67 Ó 5 mm sections. Two triangular plates were welded at the two frame corners to reinforce the frame. Each leg of the frame had a 12 bolthole bracket for the extended octagonal ring transducer and a pin for the tractor lower point linkage. Each lower hook bracket had 4-bolt-hole for the extended octagonal ring transducer and a simple plunger locking mechanism for the implement hitch pin. The upper hook bracket had a deep slot without spring mechanism to permit clearance for hitching or leveling requirements on the implement. Each hook bracket and extended octagonal ring transducer upon assembly could be bolted to the mounting of the U frame in accordance with Category 1 and II three-point linkage system requirements.
Extended octagonal ring design
The extended octagonal ring or EOR transducer offers a high ratio of sensitivity to stiffness, compactness, simple mounting, and provides simultaneous monitoring of the force components and the moment in the plane of these forces ( Figure 1b ). The principle of the EOR transducer follows that when orthogonal forces are applied to the ring, there are stress nodes, which are used as the basis for the independent force component measurements. The two force components need to be measured with minimum cross sensitivity.
The designed formulae of the EOR transducer were originally based on analytical equations derived by 24 for plain extended ring. They used first approximations using strain energy techniques for the bending moments in the ring sections of plain extended ring transducer. The right and left sides of the EOR were restrained from rotation to give positive moments. The bending moment, and, therefore stress and strain at the surfaces of the ring section were zero in the computation of forces F X and F Y at angle φ of 90˚and 39.6˚, respectively. The angles at which zero stress and strain occur are known as nodal angles, φ. Therefore, if strain gauges are mounted in these positions and connected into Wheatstone bridge configurations, the gauges at angle 90˚will measure the force F X independently of F Y and those at 39.6˚ will measure the force F Y independently of F X . This is the essential principle of EOR transducers.
From elementary mechanics, using previous bending moment equations, the stress on the surface of the ring at the rectangular section of the EOR is given as: (3) where σ φ is the strain due to node angle φ in MPa, M φ is the moment at node angle φ in Nm, b is the width of ring in mm and t is the thickness of the ring in mm. The strain at any point on the surface of the ring could be calculated as: (4) where ε φ is the strain at node φ in µStrain and E is the modulus of elasticity in GPa. Generally, the Massey Ferguson 3060 tractor with a net engine power of 64 kW has rated drawbar power of 75 to 81% of its net engine power in accordance with ASAE Standard D497.3 29 . When this tractor was operated in its lowest gear combinations (i.e 2.3 km/hr), a maximum draft of 46.08 kN would be developed at it's three-point hitch. Again, this tractor size has hydraulic lift capacity on the three-point hitch of 310N/kW in accordance with ASAE Standard S349.2 30 . Therefore, the maximum vertical force on the three-point hitch was estimated to be 20 kN. On this basis, loads of 50 kN and 20 kN were being matched to the design of the three-point auto hitch dynamometer system for maximum horizontal and vertical forces, respectively. In practice
the two lower point linkages sustain most horizontal and vertical forces while the upper point hitch often gives negative draft and zero vertical force (i.e upper linkage is hinged). Accordingly, the design loads for each EOR had been taken as 25 and 10 kN for maximum horizontal and vertical forces, respectively. Figure 2 shows the forces acting on the three-point auto-hitch dynamometer.
Figure 2 : Forces acting on the three-point auto-hitch dynamometer
The material selected for the design of the EOR transducers was mild steel 1020 AISI having ultimate tensile strength of 320 MPa, yield stress of 180 MPa, and modulus of elasticity of 207 GPa which gave high strength and compactness to the transducer. This type of steel was chosen because of it is availability and easy machining. The selection of the mean radius, distance between ring centres and width of the EOR are dependent upon practical size constrains. Based on the authors past experiences on machinery fabrication and strain gauge mounting, dimensions of 30, 70, and 90 mm, for mean radius, distance between ring centres ring and width of the ring, respectively, were chosen for EOR design. Based on the EOR horizontal and vertical design loads and selected ring dimensions, the calculated bending moments at 90˚ and 39.6˚ or M 90å nd M 39.6˚ are 0.319 and 0.145 kNm, respectively. The required ring thickness could be calculated by rearranging equation (3) as follows: (5) When designing the ring it is necessary to select the mean radius and thickness for EOR so that the elastic limit is not exceeded. The ring thickness as calculated from equation 5 was 12 mm.
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The ratio of mean radius to thickness was 3, which satisfied the requirement of thin ring theory that was employed in the design of the ring transducers (R/t ≥ 3). A slot of 5 mm width was made in the middle section of the EOR. Two plates of size 80 Ó 90 Ó 2 mm were located at both sides of EOR to provide for free rotation and deflections of the rings. Four thread holes were provided at both sides of EOR for mounting purposes. The final EOR dimensions specified are shown in Figure 1c . The ring maximum strain at the node angle of 90˚ or ε 90˚ calculated from equation 4 was 713 µStrain and the maximum strain at node angle of 39.6˚ or ε 39.6˚ was 324 µStrain.
Strain nodes and strain gauge bridges
The gauge locations were selected according to strain energy theory at node angles of 90˚ and 39.6˚ for the measurement of the horizontal force and vertical force, respectively. Accurate locations of the stress nodes and subsequent positioning of the strain gauges were crucial for the resulting sensitivity of the EOR transducer. The mounting method had to be considered in determining strain nodes to reduce the effects of cross sensitivity. The strain nodes for horizontal measurement were determined experimentally by mounting strain gauges at node angles of 40˚, 39˚ and 38˚ close to the theoretical node for maximum strain while for vertical measurement at node angle of 90˚ Results of the initial trials indicated that the cross sensitivity were negligible at node angles of 39˚ and 90˚ for measurement of horizontal and vertical force, respectively.
The optimum strain nodes used on the EOR were φ 90˚ and φ 39˚ for the measurement of horizontal force and vertical force, respectively.
The EOR transducer had eight gauges bonded at node angles φ 39˚ and φ 90˚ and connected into two full bridges. The chosen strain gauges were of Kyowa KFG5120C16-L1M2R type with gauge resistance of resistance 120 Ohm and gauge factor 2.1. The selected gauges were each provided with 1-meter length lead wires to avoid necessary soldering work. The mounted strain gauges at the respective nodes were wired to a constant current Wheatstone bridge configuration.
The calculated transducer sensitivity was expressed in terms of bridge output strain per unit force applied. Knowing the magnitude of the output nodes strains under design loads, the predicted sensitivities of the EOR channels were 32.40 and 28.52 µStrain/kN, respectively, for horizontal and vertical force.
Strain gauge bridge configuration and installation
A full bridge 2.5 mA constant current supply from the data acquisition system was used to excite the strain gauge bridges on the EOR transducer. The installation of the strain gauges was carried out after cleaning the EOR surfaces by fine silicon carbide abrasive with alcohol. The strain gauges were mounted at the respective strain nodes with use of epoxy adhesive. The SG280 protective coating was applied to protect the gauges. Each individual EOR transducer was covered by a bracket to provide mechanical protection for the installed strain gauges.
Horizontal and vertical displacements
The important requirement of the EOR transducer is that the displacement under loading must be small. Hoag and Yoerger 24 obtained the vertical and horizontal displacements of the plain extended ring through application of Castigliano's theorem. The expressions for maximum horizontal and vertical displacement for the lower and top EOR based on strain energy method are given below:
The horizontal displacements for the designed EOR at the lower and top rings were found to be 2.76 Ó 10 -3 and 2.24 Ó 10 -3 mm/kN, while the vertical displacements for the designed EOR at the lower and top rings were found to be 16.9 Ó 10 -3 and 16.9 Ó 10 -3 mm/kN, respectively.
Natural frequency and dynamic response
The EOR transducers of the three-point auto hitch dynamometer cannot be isolated from imposed vibrations during field measurements. Consequently, the designed EOR transducer should be able to measure the dynamic mode response of horizontal and vertical force measurements. The dynamic response of the EOR transducer could be modelled as a single DOF of a spring-massdamper system. The transducer could be represented as a cantilever beam under a simple harmonic vibration that was excited by a fluctuating load at its free end. In order that the recorded force was not influenced of any vibration motion, the natural frequency of the transducer should be greater than the frequency of the exciting vibrations 31 . The natural frequency of the transducer could be expresses in terms of gravity acceleration and deflection and is given as: (9) where f is the natural frequency in Hz, δ is the static deflection in mm and g is acceleration due to gravity in m/s 2 . The calculated natural frequencies of the EOR the transducer for horizontal (6) 
Calibration
Extensive static calibration tests were carried out to determine the measurement linearity and accuracy between applied load with the measured output strain and accuracy between applied load with the measured load. The calibration of the three-point auto hitch dynamometer was measured by applying known forces and recording the electrical gain response. The unit was disassembled and each EOR transducer is calibrated individually. Each EOR was bolted to special bracket having point of application of forces similar to dynamometer's hooks. Both the EOR and the bracket are mounted on a loading frame. The loading frame was equipped with a hydraulic cylinder and a load cell was connected in series to the EOR transducer to measure the applied load. The load to EOR transducer was applied at 2 kN intervals up to the capacity of 20 kN. DeCipher Plus program code was developed for the data acquisition system to scan and record the output strain of the mounted gauges on the EOR transducer. Each EOR transducer for the three-point auto hitch dynamometer was calibrated for horizontal and vertical loads and under both loading and unloading test modes. Each measurement at any applied load was repeated four times and each test at any loading mode was replicated four times. The cross sensitivity of the force components on the EOR transducer was also checked during the calibration test. The cross sensitivities were measured by applying a force in on direction and measuring the output of the bridge to measure the force in the orthogonal direction. Similar tests were also conducted to obtain the relationship between the measured load that was recorded by the data acquisition system and the applied load on the EOR transducer for the purpose of checking the measurement accuracy. This test was conducted only to the left EOR transducer of the threepoint auto hitch dynamometer for horizontal and vertical load under both loading modes. The involved test was similar as before.
Statistical analysis
During the calibration, each EOR transducer was subjected to 11 levels of applied loads and this involved test was replicated four times. A three way factorial statistical design that consisted of 3 EOR transducers, 2 modes of loading and 11 levels of applied load, and 4 replications were employed. For simplicity, the following linear additive model has been utilized:
The General Linear Model procedure in PC SAS software package 32 is employed to determine the relationship between output measured strain with applied load of calibrated EOR transducers
Demonstration test
A field test of the three-point auto hitch dynamometer on the tractor was conducted at the University's Farm (see Figure 3) . The plot was from Serdang Series having sandy clay loam
Figure 3 : Field demonstration test of three-point auto-hitch dynamometer
soil classification in accordance with the university's soil map. The tractor was equipped with data acquisition system and mounted 3-660, NARDI, BTDN500 disk plough was used in the test. The field trials were conducted to check on the effect of tractor forward speed at a tillage depth of 23 cm on the disk plough draft. At the end of the field test, the stored data in memory card was downloaded into hard disk of the host computer for analysis on the recorded draft measurements by the three-point auto-hitch dynamometer and its associated data acquisition system.
RESULTS AND DISCUSSIONS
The ANOVA calibration results for extended octagonal ring horizontal and vertical force are summarised in Table 2 . The ANOVA for both horizontal and vertical forces show that all tested main affects and interactions with the exception of applied load had no significant (P>0.05) effect on measured strain output. There was no significant difference between the output strains of the three EOR transducers. Also there was no significant difference between modes of loading which implies no hysteresis effect between modes of loading on measured output strain. All these findings supported the use of one calibration equation for the horizontal and vertical force measurements.
The plotted calibration graph in Figures 4 and 5 show that applied load and measured output strain of the extended octagonal ring for horizontal and vertical forces measurements were highly correlated. The linearity equations for horizontal and vertical forces are expressed by: ** Significant at 1% probability level NS Not Significant Generally, the measured sensitivities for the extended octagonal rings differ from those deduced theoretically for the plain extended rings [19] [20] [21] [22] 25 . Furthermore, the measured bridge sensitivities of the extended octagonal ring transducers were also due to the gain multiplier effect that was automatically set during autoranging by Datataker 605. A noise problem was encountered at the earlier stage of calibration. Extra sampling of signals input using a special command in DeCipher Plus software solved the problem. The cross sensitivity of the force components on the three point auto-hitch dynamometer were only considered for the left and right EOR transducers because they sustain horizontal and vertical forces and the upper EOR transducer sustains only the horizontal force. The observed cross sensitivity of the left EOR transducer was 1.2% and 2.0%, respectively, for horizontal and vertical force, while for the right EOR transducer was 1.6% and 0.8 %, respectively, for horizontal and vertical force. Godwin 20 reported cross sensitivities of 1.1% and 2.1% for draft and vertical force, respectively, when the vertical force gauges were mounted at φ 34˚ and the loading fixture was confined to central part of the boss section. Gu et al. 33 reported varying cross sensitivity ranging from 0 to 4.0 % depending on the loading direction and noted a substantial increase in cross sensitivity when the draft gauge mounted at φ 45˚ and the EOR was loaded along the entire length of the boss face. Generally, differences in machining of the EOR, locating of strain nodes, mounting of strain gauges, mounting of EOR and point of application of loads resulted in different measurement characteristics. These factors have to be considered in determining the strain nodes to reduce the effect of cross sensitivity.
Regression results between applied load and measured load of the extended octagonal ring for horizontal and vertical force showed a high degree of linearity. Their relationships are best expressed by the following equations: 
where F XM represents the measured output horizontal force in kN and FYM is the measured output horizontal force in kN. The transducers were rated to give measurement accuracy within 0.17% and 0.12% range, respectively, for the horizontal and vertical force measurements. These factors were used for computing and documenting the measured output load of the transducers
The calculated horizontal displacements for the designed EOR at the lower and top rings by strain energy theory were 2.76 Ó 10 -3 and 2.24 Ó 10 -3 mm/kN, respectively, while the calculated vertical displacements for the designed EOR at the lower and top rings were 16.9 Ó 10 -3 and 16.9 Ó 10 -3 mm/kN, respectively. The estimated extended octagonal ring transducer natural frequencies from a single DOF of spring-mass-damper system were 44, 44, 44 and 140 Hz. The working frequency of a typical tractor-implement system working in the field as indicated by [34] [35] was around 2 Hz. The damping ratio or ξ for the EOR transducer was assumed to be viscous in nature with a magnitude equal to 0.01. With such damping ratio and frequency ratios or f s /f n (i.e. ratios of tractor working frequency to the EOR transducer natural frequencies) being less than 0.1, give a transmissibility magnitudes less than 1.01 which in turn results with horizontal and vertical force errors of no more than 1% of the excitation forces ( Figure 6 ). Consequently, the conducted static calibration of transducers was acceptable for dynamic horizontal and vertical force measurement.
In the test of the three-point auto-hitch dynamometer, the data acquisition system was able to perform with only minor difficulties. All the available extended octagonal ring transducers in the system were able to function accurately throughout all trial runs. The Datataker 605 was successfully able to scan the available transducer signals without being affected by the field environments. The stored data in the memory card of the Datataker 605 was able to be downloaded and recovered into the hard disk of the computer at the end of trials. ± 5.76 kN and 2.14 ± 1.90 kN, respectively. The variations on the measured horizontal and vertical forces with time were due to the varying soil properties in the heterogeneous field. Table 3 gives the summary of horizontal and vertical forces measured with the three-point auto hitch dynamometer for disk plow operations at four selected tractor gears. Most of the measured field workable loads were likely to be in the range of 30% of the dynamometer horizontal and vertical design loads. Using the rule that for transducer applications the stress should not be greater than 30% of the yield stress, the estimated horizontal and vertical design load for the dynamometer were acceptable. In other words this dynamometer has a safety factor of more than three to provide for accidental overloads in practice. These field data shows that the dynamometer has adequate sensitivity and sufficient strength for the fieldwork. Conclusively, the field trials had fulfilled the objective for running a quick check on the data acquisition system for actual field measurements. 
CONCLUSIONS
A three-point auto-hitch dynamometer has been successfully designed, developed, calibrated and demonstrated to measure horizontal and vertical forces existing at the three-point linkage of the Massey Ferguson 3060 tractor for mounted implements having hitch category I and II. The design concept of the dynamometer was based on an inverted (U frame) assembly equipped with three extended octagonal ring transducers that are mounted between the tractor linkage and implement. Each transducer was designed for a maximum horizontal and vertical force of 25 kN and 10 kN, respectively, while the whole dynamometer was designed for forces of 50 kN and 20 kN. Static calibration tests on all of the designed transducers showed excellent measurement linearity between applied load and output strain and excellent measurement accuracy between applied load and measured load (correlation coefficient close to 0.99). Furthermore, all transducers have been designed with good stiffness as indicated by their small displacements at the design loads. The natural frequencies of the transducers were estimated from a single DOF spring-mass-damper. The transducers dynamic response was fairly acceptable for dynamic load measurements at the tractor's three point hitch. Field trials on the dynamometer and data acquisition system were satisfactory. All transducers were able to scanned and recorded by the datalogger under the field environments. The stored data in the memory card from the field trials was able to be down loaded into the hard disk of the host computer.
